A new type c-c¢ Co-Al-Mo-Nb Co-based superalloys were developed due to limitations of basic Co-Al-W superalloys, related to tungsten alloying. The present study aims to characterization of new c-c¢ Co-10Al-5Mo-2Nb (at.%) cobalt-based superalloy performance in terms of the high-temperature exposure under cyclic conditions, with particular regard to surface condition. Specimens were tested in cycles of hightemperature exposition (25, 50, 75, 100 and 150 h) in air environment at 800°C. Detailed analysis of oxidized surfaces by scanning electron microscopy, energy-dispersive spectroscopy and x-ray diffraction was made at various intervals during testing. The cyclic oxidation behavior of new alloy was compared to the basic Co-9Al-9W (at.%) Co-based superalloy.
Introduction
The ever-increasing needs for high efficiency in hightemperature applications, i.e., gas turbines for power plants and aircraft engines, require development of heat-resistant materials. Ni-based superalloys exhibit more appropriate combination of creep properties and damage tolerance in comparison with that of Fe-based intermetallics and conventional Co-based superalloys owing to c¢-L1 2 phase strengthening mechanism. For improvement of the creep resistance, these alloys are solidified into single crystals and thereby may be utilized in the highest-temperature applications (Ref 1, 2) . Although Ni-based superalloys are used commonly, the inlet temperature in turbine is approaching the melting point of most of advanced singlecrystal superalloys. Furthermore, the substantial limitation of these alloys is insufficient resistance to hot corrosion and sulfide corrosion that involves utilization of special bond coatings, which are expensive, technologically challenging and still insufficient in terms of long exposure at high temperature (Ref 3) . Taking into account the limitations of Ni-based superalloys, the development of new generations of superalloys is necessary nowadays. Although the conventional Co-based superalloys possess inferior creep strength to nickel alloys with the c-c¢ microstructure, their resistance to oxidation and corrosion in sulfur-rich high-temperature environments is remarkable . The most appropriate solution would be combination of Ni-based and Co-based superalloysÕ properties, providing appropriate creep resistance and resistance to oxidation and corrosion as well.
This challenge has been taken in 2006 by Sato et al. (Ref 8).
The c¢-Co 3 (Al, W) phase with an L1 2 structure, analogous to c¢-Ni 3 Al was discovered in the Co-Al-W ternary system. The formation of the coherent two-phase microstructure, where submicron c¢-Co 3 (Al, W) cuboidal precipitates align regularly within the c-Co matrix, is available due to small lattice misfit between the fcc c-Co matrix and c¢ phase. These alloys based on Co-Al-W system are characterized by higher melting points than those of analogous Ni-based superalloys with morphologically similar microstructure and hence have gained considerable interest due to their potential as a new generation of superalloys .
Besides the creep resistance and corrosion properties, the high-temperature oxidation resistance is essential issue that should be considered before implementation of the new class of superalloys. Few studies have been carried out in order to examine the oxidation performance of new Co-Al-W Co-based alloys . Their oxidation at 800°C results in the formation of a three-layered scale. The external layer has been recognized as Co 3 O 4 . The layer underneath contains mixed oxides composed of Al, W and other alloying elements, although inner layer is suggested to be Al 2 O 3 layer. The substrate alloy beneath the growing oxide is depleted in Al; hence, the c¢ fraction decreases, while high-aspect-ratio Co 3 W precipitates are formed (Ref 17) . It has been found that Cooxides do not provide acceptable protection for substrate alloy and are prone to spallation during cooling (Ref 13, 18, 19) ; therefore, it is important to understand the oxidation performance and how it might be modified through alloying. Generally, it was noted that Cr and Si additions help form protective layers of chromia and silica, resulting in the improvement of oxidation resistance (Ref 20) . Furthermore, the positive influence of Cr and Si on the oxidation resistance of novel c-c¢ Co-based superalloys was proved (Ref 19) ; however, the excessive additions of Cr destabilize the c/c¢ microstructure. The effect of alloying elements on the oxidation behavior of Co-Al-W Co-based superalloys under conditions of cyclic exposure to high temperature was analyzed as well (Ref 17, 19) . However, the considerable disadvantage of this group of alloys is connected with introduction of W, which clearly affects increase in density to approximately 9.5 g/cm Furthermore, the homogenization of these alloys is challenging due to W-content. The another essential limitation is fact that W reacts with Co and forms deleterious phase Co 3 W with D0 19 structure ( Ref 21) .
The possibility of W-replacement was analyzed in several studies . Mo is element promoting c¢ formation and hence may replace tungsten in Co-based superalloys. In 2015 occurred the first data concerning new W-free c-c¢ Co-Al-MoNb Co-based superalloys (Ref 3, 25, 26) . The density of Nbcontaining superalloys was 8.25-8.355 g cm
À3
, therefore definitely lower compared to that of Co-7W-7Al alloy (at.%), characterized by density equal 9.2 g cm
. Furthermore, the specific strength of new Co-based superalloys was considerably higher-respectively, 96 and 79 MPa g À1 cm
. The thermogravimetric investigations of Co-Al-Mo-Nb with Ni-addition have been performed (Ref 27) . Although the papers concerning Co-Al-Mo-Nb Co-based superalloys are available, the amount of data regarding this new group of alloys is still insufficient, particularly regarding the oxidation and corrosion resistance.
In the present paper, characterization of high-temperature cyclic oxidation of Co-10Al-5Mo-2Nb (at.%) as-cast alloy was performed. The specimen made of c-c¢ Co-based alloy was exposed to long-term cyclic oxidation at 800°C, which is related to real conditions in turbine engines. The oxidation performance of alloy under these conditions was determined, inclusive of mass change observations and analysis of the grown scale. Moreover, the obtained cyclic oxidation characteristics were compared to basic Co-9Al-9W (at.%) alloy.
Experimental Methods
The as-cast Co-10Al-5Mo-2Nb and Co-9Al-9W (at.%) alloys are subject of the present research. The investigated alloys were melted using induction vacuum furnace VSG 02 Balzers and casted into cold graphite molds under argon atmosphere. The final products of casting process were rods of size ø20 9 100 mm (Fig. 1) . The measured compositions of obtained casts are present in Table 1 . The microstructures of investigated alloys were typical as-cast dendritic microstructures characteristic for ingots solidifying under conditions of fast and directional heat dissipation. In case of Co-9Al-9W (at.%), the high chemical homogeneity was obtained (Ref 28) ; however, within microstructure of Co-10Al-5Mo-2Nb (at.%) alloy, tiny precipitates rich in Mo and Nb were observed and recognized (Co3Mo and Co3Nb) via x-ray diffraction.
Afterward, the specimens ø20 9 5 mm were cut from the casted rods, and the surfaces were ground, cleaned and degreased. The cylindrical specimens were placed in flat bottomed alumina crucibles and tested in laboratory furnace atmosphere at 800°C. In order to contain spalled oxidation products, lids were placed on the crucibles before weight measurements during periodic removal of specimens and cooling in open air. Each cycle of oxidation was performed according to the following proceeding: (1) placement of the samples into the laboratory furnace at temperature 800°C; (2) exposure of specimen in the furnace for allotted extent of time (25 h); (3) removal of the specimens from the furnace at 800°C; (4) cooling of the specimens out of the furnace to room temperature; (5) specimen mass measurements using laboratory balance with a resolution of 0:10 mg; and (6) determination of the surface condition, i.e., analysis of morphology, phase and chemical composition of the grown scale.
The mass changes were measured after 25, 50, 75, 100 and 150 h of exposure. The spalled oxide scale was not included in the weighing. Plan-view observations of the oxidized surfaces were made at various intervals during examination, via x-ray diffraction analysis (XRD) using XÕPert 3 Powder System, scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) using Hitachi S-3400N.
Results and Discussion
The cyclic oxidation performance of Co-Al-Mo-Nb and CoAl-W Co-based superalloys at 800°C is shown in Fig. 2 . The considerably inferior oxidation resistance of Co-Al-Mo-Nb alloy compared to Co-Al-W alloy is observable. After first cycle, the mass of specimen corresponding to Co-Al-Mo-Nb slightly gained; however, each subsequent cycle resulted in decrease in the plot related to mass change of this alloy. In opposite to W-free alloy, the cyclic oxidation performance of Co-Al-W alloy was promising. The increasing trend of the plot related to Co-Al-W alloy implies that the oxide layer spallation occurred in considerably lower extent in comparison with that of Co-Al-Mo-Nb alloy.
The results of weight measurements during cyclic oxidation are reflected in the surface condition of oxidized specimens (Fig. 3) . The external oxide layer of Co-Al-W alloy was gray and compact. This type of upper layer was retained to the end of examination; however, after 75, 100 and 150 h occurred some discolorations on the oxidized surface. Similar gray layer was observed in case of Co-Al-Mo-Nb alloy after 25 h of oxidation at 800°C. Although the surface was relatively uniform, the single areas characterized by spallation of the external layer were observed and are indicated by black arrows in Fig. 3 . The mass decrease after 50 h of oxidation was concomitant to the considerable amount of peeled oxides. The macrograph of specimen after second oxidation cycle reveals two characteristic types of scale, differing in color. The different scale types observed in the macrographs are marked by points (Fig. 3) . The area marked by point no. 1 is corresponding to the same type of scale as observed after 25 h of oxidation. The surface of Co-Al-Mo-Nb alloy after 75 h of oxidation consists of three types of the oxide layer. The products of oxidation marked by point nos. 1-2 are oxides observed in the previous part of experiment. In this case, the oxide layer spallation and decrease in the specimen mass occurred as well. The outer layer of the specimen after 100 h of oxidation does not contain any new types of oxides. On the surface of alloy after last cycle of high-temperature exposure, the same types of oxides are observable in comparison with those of after 50 h of oxidation. Taking into account the color contrast, four types of oxides were observed during entire experiment (Fig. 3) .
High diversity of oxides present on the surface of Co-AlMo-Nb alloy after different cycles of high-temperature exposure implies that alternately occurring processes of scale growth and spallation had random character in opposite to that of CoAl-W alloy, where the external layer was almost unchanging. The high variety of oxides present in the scale may exhibit negative influence on the layer adhesion, which was further observed in the experiment. The occurrence of three types of oxidized layer (Fig. 3-50 h ) on the surface after 50 h of oxidation is confirmed in Fig. 4 -50 h. The XRD pattern (Fig. 6-50 h) shows a complex phase composition of the oxidized surface, namely occurrence detected via x-ray diffraction analysis is presumably predominant phase present in this zone in analogy to surface condition after previous oxidation cycle. It is observable that exposure of other zones visible in Fig. 4 -50 h is a result of spallation of the Table 2 Results of chemical composition analysis in areas and points marked in Fig. 4 previously described layer related to decrease in specimen mass (Fig. 2) . The another present zone marked with the letter B is related to area represented by point no. 3 in Fig. 3-50 h. This match is based on a ground topography of this area, visible in both Fig. 3 -50 h and 4-50 h. The bands marked by black arrows are result of grinding in phase of specimen preparation.
This fact leads to conclusion that in this area, the scale peeled out in a great extent and uncovered the substrate alloy. However, on the substrate alloyÕs surface, the small oxide particles are retained. The chemical composition measured in this zone shows the considerably increased content of Nb (9.3 at.%), compared to that of substrate alloy. This difference may indicate that Nb-rich oxides detected via XRD analysis are present. The decreased amount of Mo in comparison with that of substrate alloy may be connected with diffusion of Mo and subsequent formation of volatile MoO 3 oxide. The last characteristic zone marked with the letter C may be associated with the area marked by point no. 2 in Fig. 2 Fig. 3-75 h indicated the presence of three types of oxidized layers; however, the SEM observations show occurrence of two different oxidized zones (Fig. 4-75 h) . The diffraction peaks intensity present in the XRD pattern of surface after 75 h of oxidation is different compared to that of analogous XRD pattern after 50 h of exposure at 800°C; however, the same six phases were detected within entire surface of specimen. The zone marked by the letter A (Fig. 4-75 h(A) ) is comparable to zone after first oxidation cycle (Fig. 4-25 h ) and zone after 50 h of hightemperature exposure (Fig. 4-50 h(A) ) in view of chemical composition and morphology of oxide particles. Nevertheless, one difference was observed; namely, the oxides growth mechanism in this case resulted in a bumpy surface topography of the outer layer. The another present type of the external layer, analogous to that of area marked by point no. 2 in the macrograph (Fig. 3-75 h), is marked by the letter B (Fig. 4-75 h(B) ). This zone may consist of various types of oxides and is similar to oxidized area after 50 h of high-temperature exposure (Fig. 4-50 h(C) ) in view of chemical composition and morphology.
The external layer structure after 100 h of oxidation was dominated by gray, oxide layer type, marked by point no. 1 (Fig. 3-100 h) , which was discussed in the analysis of previous oxidation cycles. The x-ray diffraction pattern (Fig. 6-100 h) showed the presence of the same phases compared to those of previous three cycles of oxidation, excluding Co 2 Nb 5 O 14 . Furthermore, the great differences in the peaks intensity are observable. The XRD pattern implies that after 100 h of oxidation, the predominant phase within the scale is Co 3 O 4 , which is in great accordance with the surface fraction of previously discussed type of layer. The intensity of peaks related to oxides rich in Mo and Nb is decreased in comparison with that of previous x-ray diffraction pattern. The lower intensity of peaks may indicate decreased content of Mo-and Nb-rich oxides within the scale after 100 h of oxidation. The dominant type of external layer after 100 h of exposure at 800°C is visible in microscale in Fig. 5-100 h. Taking into consideration the chemical composition and morphology, no substantial differences were observed between the discussed area and analogous zone of oxidized layer after 75 h of oxidation (Fig. 5-75 h(A) ).
The last cycle of the high-temperature oxidation resulted in exposure of the areas marked by point nos. 2-3 ( Fig. 3-150 h) . The XRD pattern of scale after 150 h of oxidation (Fig. 6-Fig. 7 SEM images of Co-Al-W alloy after cyclic oxidation at 800°C 150 h) shows increased content of oxides rich in Mo and Nb, related to scale after 100 h of high-temperature exposure. In comparison with the surface condition after 50 and 75 h of oxidation, the same phases were detected after fourth cycle of the high-temperature exposure. The SEM micrograph of the oxidized surface shows two characteristic zones; one of them was not observed earlier. This new zone marked by the letter A consists of the oxide crystals of various sizes (Fig. 5-150 h(A) ). The chemical composition analysis in this area showed the dominant content of Co, around twice higher amount of Mo compared to that of substrate alloy and lack of Nb. The content of Al in the investigated area was roughly 4 at.%. The chemical composition in this area may be related to the occurrence of oxides rich in Co and Mo. The second observed characteristic area marked by the letter B is shown in Fig. 5-150 h(B) . Both morphologies of the surface and chemical composition indicate that the discussed outer layer is in great extent similar to analogous layer (Fig. 4-50 h(B) ), which was discussed particularly.
Afterward, the surface condition after oxidation of the reference Co-9Al-9W (at.%) alloy was evaluated. Figure 7 shows SEM imaging of the oxidized surfaces after 25, 50, 75, 100 and 150 h of oxidation. Furthermore, the results of chemical composition analysis in microareas of the surface related to Fig. 7 are presented in Table 3 , whereas the XRD patterns of the oxidized surfaces are shown in Fig. 8 Taking into account the morphology, chemical and phase composition of the external layer, no substantial changes were observed after further cycles of the high-temperature exposure. The surface condition continuity during entire experiment is in great accordance with the macroscopic observations (Fig. 3) . 
Conclusions
• The examination of the oxidation performance of Co-AlMo-Nb and Co-Al-W Co-based superalloys in as-cast state at 800°C was performed. The considerably inferior oxidation behavior of Co-Al-Mo-Nb alloy compared to that of Co-Al-W alloy is observable. In case of W-free alloy, the specimen mass decrease, related to the oxide layer spallation, was observed repeatedly, while for Co-Al-W alloy the steady growth of scale was observed.
• The surface condition after each cycle of the exposure at 800°C in air environment was determined in detail. Four characteristic types of the external layer were observed. Most of the oxidized layers were characterized by the complex phase structure, including the oxides rich in Co, Nb and Mo. The high phase diversity within the scale is unfavorable and may be the cause of low oxidation resistance under applied conditions. Various phases are characterized by different thermal expansion coefficients; therefore, stresses are generated during high-temperature intervals, resulting in the oxide layer spallation. Moreover, the phase stability of formed oxides and compounds, including cobalt molybdates and niobates, plays the important role in oxidation behavior of investigated alloy. The scale grown on Co-Al-W alloyÕs substrate was characterized as well. In this case, the external layer was uniform in view of morphology, chemical and phase composition. No substantial changes were observed during experiment, which is in good accordance with weight measurements.
• The substitution of W with Mo and Nb caused deterioration of the oxidation resistance at 800°C. It is necessary to examine other elements promoting formation of c¢ phase, characterized by lower density compared to that of W, as a potential W-replacement for heat-resistant alloys exposed to high-temperature oxidation. New W-free Co10Al-5Mo-2Nb (at.%) Co-based superalloy in as-cast state is not acceptable for high-temperature applications due to the insufficient high-temperature oxidation resistance.
